Introduction
Most blood glucose (BG) meters are designed for self-monitoring of blood glucose (SMBG) by a single patient. 1 When BG meters are used within institutional point-of-care testing (POCT) settings (e.g., clinics and hospitals) or assisted monitoring of blood glucose (AMBG) settings (i.e., nursing homes and long-term care homes), clinical usage changes from single-patient to multiple-patient use. Operated in this manner, BG meters require different attributes. 1 These attributes include compatibility with disinfectants, validation for testing multiple blood sample types, availability of multiple levels of control solution, enhanced accuracy and performance specifications, lack of interference, and ease of use.
Assisted monitoring of blood glucose and POCT clinical settings require the use of control measures to prevent transmission of infectious bloodborne agents, such as hepatitis B virus (HBV). Several outbreaks reported in the United States and Europe have been attributed to poor infection control associated with AMBG. [2] [3] [4] [5] Thus the shift from SMBG to AMBG presents a "series of challenges for diabetes science and technology," and requires the development of specific procedures and equipment. 1 United States regulatory authorities such as the Centers for Disease Control and Prevention, the Food and Drug Administration (FDA), and the Centers for Medicare and Medicaid Services have taken steps to address these challenges by issuing recommendations and guidelines emphasizing safe AMBG practices. [6] [7] [8] Blood glucose meters limited to testing capillary blood samples are not appropriate when venous or arterial BG sampling is clinically required. 9, 10 For example, BG determinations by finger stick can provide misleading data for patients with impaired peripheral perfusion, and venous or arterial blood better reflects true physiologic status. Therefore, BG meters that are used for POCT should ideally be capable of measuring BG in different sample types (i.e., arterial, venous, and capillary blood). Blood can also be the source of wide ranges of endogenous factors (e.g., hematocrit, cholesterol, and uric acid), especially in hospital or institutional settings, and exogenous factors [e.g., medications such as ascorbic acid and acetaminophen or those that contain additives like maltose (when administered parenterally) or lactose], which can interfere with the accuracy of BG meters. 11, 12 Therefore, there is a clinical need for POCT meters to provide accurate BG measurements when the blood sample contains a wide range of endogenous and exogenous compounds.
The OneTouch ® Verio ™ Pro+ BG meter has been designed specifically for POCT and AMBG ( Figure 1A) . It uses OneTouch Verio test strips, the performance of which, in venous and capillary blood, has been described previously. 13, 14 This meter automatically detects when control solution has been applied, provides onscreen quality control (QC) prompts, and features a test strip ejector that is expected to reduce health care professional (HCP) contact with blood-filled test strips ( Figure 1B) . The meter has been designed to withstand disinfection in conformance with FDA guidance and comes with clear disinfection instructions. The findings reported here include assessment of the accuracy of this meter when measuring BG in arterial, venous, and capillary blood over a wide range of hematocrit levels; evaluation of the effect of potential exogenous and endogenous compounds on meter readings; validation of the disinfection procedure for the meter; and evaluation of the instructions for use and user acceptance of the system by HCPs.
Methods
The clinical evaluation and accuracy studies were conducted at four study sites: three sites in the United Kingdom (Highland Diabetes Institute, Inverness; Royal Infirmary, Edinburgh; and Birmingham Heartlands Hospital, Birmingham) and one site in the United States (Scripps Whittier Diabetes Institute, La Jolla, CA). The study protocol had ethical committee approval from the National Health Service Scotland Research and Ethics Committee, United Kingdom, and the Internal Review Board of Scripps Whittier Diabetes Institute, La Jolla, CA. All participants gave their appropriate informed consent in compliance with the Declaration of Helsinki. Disinfection, interference, and technical performance tests were conducted at research and development facilities located at LifeScan Scotland (Inverness, UK).
Effect of Sample Type
Individuals with diabetes were enrolled in the U.K. sites for the testing of arterial, venous, and capillary blood; the U.S. site tested only residual arterial blood. Test strips were selected from three randomly assigned lots and tested with capillary, venous, or arterial blood samples. Each sample was tested for hematocrit and for reference plasma glucose with the YSI 2300 STAT PLUS TM glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, OH). Samples for arterial blood testing were obtained from an arterial line or arterial puncture (residual samples from an existing physician's order for blood testing). The results were compared with the draft standards criteria proposed by the Clinical and Laboratory Standards Institute (CLSI) for hospital BG testing (i.e., within ±12 mg/dl of the corresponding reference results at BG concentrations <100 mg/dl and within ±12.5% of reference results at BG concentrations ≥100 mg/dl).
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Effect of Anticoagulants
The effect of anticoagulants was assessed according to CLSI guidance. 16 Venous blood from donors with normalrange hematocrit levels (37-45%) was collected in tubes, each containing one of the following four anticoagulants: lithium heparin (control), sodium heparin, potassium ethylenediamine tetra-acetic acid (EDTA), and sodium citrate native. The blood was adjusted to one of four glucose levels (30 ± 5, 65 ± 5, 240 ± 12, or 560 ± 28 mg/dl) and one replicate was tested with five meters (i.e., 22 donors × 5 meters × 1 replicate; or n = 110 per anticoagulant and glucose concentration). The average bias to the YSI reference was calculated at each blood condition (across donor, meter, and replicate). Bias to YSI for sodium heparin, sodium citrate, or potassium EDTA was compared with bias with lithium heparin (control). In a similar fashion, sodium citrate and potassium EDTA were compared with sodium heparin. An anticoagulant was deemed noninterfering for testing venous blood with the system if the bias differences were within ±4 mg/dl at BG concentrations <80 mg/dl, and within ±5% at BG concentrations ≥80 mg/dl.
Effect of Interferents
Interferent testing was performed with 59 different substances, including endogenous substances commonly elevated in the blood of individuals with diabetes, endogenous substances known to have an interfering effect on some BG monitoring systems, and exogenous substances (medications or components of therapies) frequently used by individuals with diabetes. In line with CLSI recommendations, substances were tested using a paired-difference test and/or a dose-response protocol. 17 For each strip lot and for the three lots combined, the average bias (or bias predicted by linear regression) difference between the claimed interferent level and the zero level had to be within ±6.04 mg/dl at BG levels <80 mg/dl, and within ±7.38% at BG levels ≥80 mg/dl. Reference values (high-normal endogenous and high therapeutic) were based on CLSI values unless otherwise stated.
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Disinfection
Hypochlorite wipes (0.55%, 5500 parts per million of sodium hypochlorite; Ultra Clorox Germicidal Bleach, EPA Reg. No. 67619-8) were evaluated as a disinfectant for the meter housing. Duck HBV (a surrogate for human HBV) was applied to three lots of the three housing materials of the system. Acceptability was defined as complete inactivation of the virus from the test material and demonstration that the disinfection was effective.
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User Acceptance
Health care professional feedback was provided through Design Science (Philadelphia, PA). In total, 38 HCPs were recruited (10 registered nurses, 15 certified nursing assistants, 7 licensed practical nurses, 5 POC coordinators, and 1 laboratory technician). Of these, 71% (27/38) reported running BG tests daily, 10% (4/38) weekly, and 5% (2/38) monthly. The 5 HCPs who reported they never performed BG testing were 4 of the POC coordinators and the laboratory technician. After the HCPs read the operator's guide, they were observed during simulated use of the meter and then surveyed about its proper use and their perceptions of its usability.
Results
A total of 191 patients with diabetes were enrolled from the U.K. sites for the testing of capillary and venous blood, and a further 34 volunteers were enrolled for the testing of residual arterial blood. The U.S. site enrolled 35 patients for the testing of residual arterial blood only.
Clinical Evaluation and Accuracy
A total of 200 arterial blood measurements (from 67 subjects) and a total of 177 venous and 189 capillary BG measurements (from 190 subjects) were made with the meter. The hematocrit of these samples ranged from 22.9 to 59.8%, with means of 34.0%, 42.2%, and 41.35% for arterial, venous, and capillary blood, respectively.
Overall, 97% of the meter measurements from all blood sample types met proposed accuracy standards ( Table 1 ).
17 Figure 2 shows the bias plots for arterial, venous, and capillary blood. The percentage of data meeting these accuracy standards was 95.5%, 98.3%, and 97.4% for arterial, venous, and capillary blood, respectively. Previously, Bailey and coauthors 14 reported that the test strips used with the VerioIQ meter were not significantly affected by hematocrit over a range of 19-61%, with the exception of a small (7.5 mg/dl) positive bias for a hematocrit value of 61% at BG values <65 mg/dl. In a more extensive evaluation, Teodorczyk and coauthors 13 showed similar results, with 100% (2700 of 2700) of measurements falling within current International Organization for Standardization error tolerances. In the current evaluation, the meter was not significantly affected by hematocrit within the range of 22.9-59.8% (data not shown).
Effect of Anticoagulants
Venous blood from 22 patients with diabetes with normal-range hematocrit levels (37-45%) was collected. The relative bias for sodium heparin (less than ±0.5 mg/dl for <80 mg/dl and less than ±1.0% for ≥80 mg/dl), sodium citrate (less than ±1.6 mg/dl for <80 mg/dl and less than ±3.1% for ≥80 mg/dl), and potassium EDTA (less than ±1.6 mg/dl for <80 mg/dl and less than ±4.1% for ≥80 mg/dl) when compared with lithium heparin (control) met the acceptance criteria of within ±4 mg/dl (for glucose <80 mg/dl) or ±5% (for glucose ≥80 mg/dl), both for individual lots and for combined data from all lots. The delta bias for sodium citrate (less than ±1.8 mg/dl for <80 mg/dl and less than ±3.3% for ≥80 mg/dl) and potassium EDTA (less than ±1.5 mg/dl for <80 mg/dl and less than ±4.0% for ≥80 mg/dl) compared with sodium heparin also met the acceptance criteria.
Effect of Interferents
Performance of the meter met the accuracy acceptance criteria in the presence of normal-to-high or high therapeutic concentrations of all the endogenous and exogenous interferents evaluated, except for xylose and pralidoxime iodide (PAM; Table 2 ). [17] [18] [19] [20] In many cases, the meter met the accuracy acceptance criteria in the presence of abnormally high concentrations of endogenous interferents or supratherapeutic concentrations of exogenous interferents.
Disinfection
Disinfection for 1 min with 0.55% hypochlorite wipes demonstrated complete inactivation of duck HBV from each of the meter housing materials.
User Acceptance
After reading the meter operator's guide, most HCPs (32 of 38, 84.2%) successfully ejected the used test strip with the test strip ejector after the simulated BG tests. In response to the user survey, most respondents (34 of 38, 89.5%) indicated they "agreed" or "strongly agreed" with the statement that the meter "gives me an immediate Figure 2 . Meter performance compared with YSI reference for (A) arterial, (B) venous, and (C) capillary blood. Accuracy lines refer to the draft standards criteria proposed by the CLSI for hospital BG testing. 15 and accurate reading that helps me quickly adjust treatments." All users reported that they knew how to respond correctly to an onscreen QC prompt, and 34 of 38 (89.5%) agreed with the statement that the meter "reminding me to conduct a quality control test when it is due will help me be compliant with our institution's regulatory requirements." For the simulated BG test, the observers noted that, although 29 of 38 (76.3%) HCPs met acceptance criteria for properly keeping the meter pointed downward during the test, some of the HCPs were observed holding the meter upright in order to pull the test strip out. It was reported by the study facilitator that difficulties arose during this task because of the meter's repeated use with control solution, which led to the strip sticking in the meter. As this error is not expected when blood is tested, no changes were made to the user instructions or the operator's guide.
Discussion
For all sample types tested, clinical evaluation of the meter indicated that >95% of measurements were within 12 mg/dl or 12.5% of reference YSI values. The accuracy and precision of the system met appropriate performance standards when testing blood with hematocrit values of 22.9−59.8% (data not shown) and when tested with four different anticoagulants. The system was unaffected by 57 of the 59 potential interferents evaluated. Bleach wipes were sufficient to disinfect the meter against HBV in conformance with FDA standards. Users indicated that the system would help them comply with their institutional requirements for POCT and AMBG.
In critically ill patients, the sampling site (i.e., arterial, venous, and capillary blood) may yield different BG values based on the patient's underlying medical condition. 10 Glucose determinations by finger stick are not appropriate in certain clinical conditions, because they can provide misleading data. Finger stick samples are not recommended for patients with arterial insufficiency, which can occur in patients in shock 21 and those with Raynaud's syndrome, severe hypotension, severe peripheral arterial disease, 22 vasoconstriction, ischemia, edema, 10 or hypothermia. 23 All of these conditions can produce a reduction in peripheral perfusion (hypoperfusion) and a decrease in the peripheral BG concentration compared with concomitant venous or arterial values. For hypothermia and other physiologic conditions, sampling of venous or arterial blood samples is recommended for an accurate assessment of a patient's glycemic status. Therefore, POCT devices capable of measuring BG from venous and arterial, as well as capillary, blood may offer advantages in some clinical settings. This study assessed accuracy of the OneTouch VerioPro+ BG meter using arterial, venous, and capillary blood samples and found that 97% of BG measures from all blood sample types, and 95.5% of arterial blood samples, were within 12 mg/dl (for BG values < 100 mg/dl) or 12.5% (for BG values ≥ 100 mg/dl) a Tested in a dose-response study; all other compounds were tested in a paired-difference study. b When testing with PAM, the meter system gave only error messages.
of reference YSI values. Although performance of the test strips with venous and capillary blood has been reported previously, 13, 14 this study demonstrates they also provide accurate results when used with arterial blood.
Several substances, including anticoagulants, acetaminophen, ascorbic acid, dopamine, maltose, and mannitol 12, [24] [25] [26] have been reported to affect the accuracy of some BG monitoring systems. The findings from the present study indicate that the meter accuracy and precision were unaffected by exposure to these compounds. Meter accuracy and precision were affected by xylose (occasionally used during intestinal malabsorption tests) and PAM (used to treat poisoning by organophosphates or acetylcholine esterase inhibitors). Therefore, this meter should not be used if PAM is known or suspected to be in the patient's blood. In addition, the meter should not be used within 24 h of xylose administration, when xylose levels may be high. 27 Outbreaks of HBV in assisted living facilities and other institutions have been traced to lack of adherence to standard precautions and/or recommended infection control procedures during AMBG. Unsafe practices include (1) sharing equipment that should be restricted to single patient use among multiple patients, (2) failure to clean and disinfect meters properly between patient uses, (3) storage of clean and used equipment together, and (4) inadequate glove use. [1] [2] [3] [4] [5] [28] [29] [30] It has been proposed that technology designed specifically for AMBG could mitigate some of the issues that lead to HBV transmission and that devices to be used in POCT facilities should meet higher standards from those intended for SMBG. 1, 5 The current study demonstrated that the meter, developed for AMBG use in POCT facilities, is compatible with bleach disinfectant and meets new meter performance standards as proposed by the CLSI. 15 The use of a test strip ejector to reduce the risk of bloodborne pathogen transmission remains unproven. Other design features, such as automatic detection of control solution and onscreen QC prompts, are likely to assist HCPs to meet institutional requirements for POCT and AMBG.
Conclusions
A clinical evaluation of the meter indicated that 97% of BG measures from all blood sample types, and 95.5% of arterial blood samples, met accuracy standards compared with reference YSI measurements. The accuracy and precision of the meter met applicable standards when testing blood with hematocrit ranging from 22.9 to 59.8% and blood supplemented with four different anticoagulants. The system was unaffected by 57 of 59 potential interferents evaluated; interference testing indicated that it should not be used to test the BG of individuals within 24 h of xylose administration or when PAM in the blood sample is known or suspected. Bleach wipes were sufficient to disinfect the meter to FDA standards. The test strip ejector, the ability to disinfect quickly with bleach wipes, and the onscreen alert to the need for QC tests are examples of technology designed to support adherence to infection control procedures and regulatory requirements of POCT and AMBG, as called for by public health authorities.
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